In this work, microtubes with walls, containing Fe 3 O 4 nanoparticles, obtained by "rolling up" of the interfacial films, were synthesized by the gas-solution interface technique (GSIT), using a mixture of aqueous solutions of FeCl 2 and FeCl 3 and gaseous ammonia. The synthesized microtubes were characterized by Scanning Electronic Microscopy (SEM), Energy-Dispersive X-ray spectroscopy (EDX), X-Ray Diffraction analysis (XRD) and magnetization measurements. It was established that under optimal synthetic conditions the microtube diameter ranged from 5 to 10 µm, the length was up to 120 µm and the thickness of walls was about 0.6 µm, the walls themselves being formed by nanoparticles with a size of about 10 nm. The reversible hysteresis behavior, the low coercive force, the low remanence magnetization and the approaching of Mr/Ms to zero, confirmed the superparamagnetic nature of the synthesized microtubes. A hypothesis on the formation of microtubes by the gas-solution interface technique was proposed.
Introduction
Iron oxides are known to be a significant class of inorganic compounds, which have great potential for practical application [1] [2] [3] [4] [5] [6] [7] [8] . Among them, special attention is drawn to Fe 3 O 4 oxide with cubic crystal structure of magnetite and its unique magnetic, electrical and chemical properties [9] [10] [11] . These properties determine their possible application in the capacity of electrodes in lithium-ion batteries and sensors, wastewater treatment, and drug delivery. Therefore, a number of synthetic methods are used now, including precipitation of FeCl 2 and FeCl 3 mixture in an ammonium hydroxide solution [12] .
Recently, much attention has been paid to the creation of hollow microparticles or, in a different terminology, microcapsules with walls formed by Fe 3 O 4 nanoparticles. These microcapsules have relatively high specific surface and can be applied in the creation of core-shell multifunctional nanostructures [13, 14] . Hollow Fe 3 O 4 microcapsules, for example, were obtained by hydrothermal method [15] , one-pot solvothermal method using Fe(NO 3 ) 3 ·6H 2 O as the iron source, and glycerol, isopropyl alcohol (IPA) together with a small amount of water as a solvent [16] , solvothermal method with template from surfactant micelles [17] , and Ostwald ripening in magnetic field [18] . In such a case, the problem of synthesizing of the hollow microparticles with tubular morphology has a particular importance given that such microparticles will exhibit the unique combination of magnetic, optical and magneto-optical properties.
The aim of the present work was to investigate the possibility of obtaining microtubes with walls, containing Fe 3 O 4 nanoparticles, via GSIT as a result of the interfacial reaction between gaseous ammonia and a mixed solution of FeCl 2 and FeCl 3 .
The GSIT method was implemented for the synthesis of arsenic sulfide microtubes [19] , manganese oxide [20, 21] and lanthanum fluoride [22] [23] [24] . A distinctive feature of this method is that, firstly, due to the solution surface reaction with gaseous reagent, the solid film with composition and density gradient and thickness from 100 nm to 1 µm is formed. Subsequently, after the removal of unreacted reagent excess and reaction products, the film rolls up during drying into microtubes or, in a different terminology, microscrolls with the diameter from 5 to 100 µm and length from 100 µm to 2 mm.
Experimental methods
FeCl 2 ·4H 2 O (provided by Aldrich) and FeCl 3 ·6H 2 O (chemically pure, from Vecton) were used as reagents. Aqueous solutions were prepared using Milli-Q high purity water with a resistivity of more than 18 MΩ/cm. A FeCl 2 /FeCl 3 mixed solution with ratio of salts of 1/2 and total concentration of 0.05 was used as the aqueous precursor. An aqueous solution of ammonium hydroxide (25 %, extra pure, from Vekton) served as the source of gaseous NH 3 The synthesis procedure was as follows: 4 mL of the mixed salt solution was poured into a flat vessel and added to a glass-lined 50 cm 3 chemical reactor. Next, 2 mL of NH 4 OH solution was poured into a second vessel and put in reactor near the solution vessel. The treatment lasted from 0.5 to 10 min. The thin brownish-black transparent film was formed on the solution surface during the treatment. After that, the film was twice transferred to the surface of distilled water in order to remove excess of reagent solution for 5 minutes. After washing, the film was transferred to the surface of a Teflon wafer and then dried at room temperature for 5 hours. During drying, the thin solid film was transformed into microtubes (microscrolls). Characterization of microtubes was carried out by X-ray diffraction (XRD), Scanning electron microscopy (SEM), electron probe microanalysis (EPMA). X-ray powder diffraction was performed on a Rigaku Miniflex II diffractometer. The measurement conditions were Cu Kα radiation, 30 kV, and 10 mA. The morphology of microtube sample was determined using scanning electron microscopy (Zeiss EVO-40EP or Merlin). The chemical composition of the samples was controlled by EDX analysis using a scanning electron microscope equipped with an INCA 350 Energy EDX analyzer (Oxford Instruments). The magnetic properties of the microtubes samples were investigated by a Lake Shore 7410 vibrating sample magnetometer at room temperature.
Results
When the surface of an aqueous FeCl 2 and FeCl 3 solution is exposed to gaseous ammonia, a brownish-black transparent thin solid film with thickness from 0.5 to 1.5 µm, depending on the time of treatment, is formed. As a result of air drying at room temperature, thin solid film, acquired by the treatment during 30 seconds, transforms into the microtubes with diameter from 5 to 10 µm and length of 80-120 µm (Fig. 1(a,b) ). The thin films synthesized with a shorter processing time are mechanically unstable. The thick films synthesized with a longer treatment time do not form a microtubule structure, apparently because they have thickness of more than 1 µm. Therefore, mechanical strains arising during drying are not enough to bend them into the microtubes. The microtube wall consists of nanoparticles with diameter about 10 nm (Fig. 1(c) ). According to the EPMA results (not reported here), the tubes consist of Fe and O atoms. Furthermore, no Cl and N atoms, which could possibly build the composition of microtubes from the solution or gaseous reagent, are detected in the sample. Vibrating sample magnetometer analysis was used to investigate the magnetic behavior of the formed Fe 3 O 4 microtubes. The magnetic data obtained from the as-prepared microtubes of Fe 3 O 4 is presented in Fig. 3 . Fig. 3(a) shows the hysteresis loop M (H) of the Fe 3 O 4 microtubes at room temperature from −20 kOe to 20 kOe. The Fig. 3(b) shows the magnified hysteresis loop around the zero field. The saturation magnetization value is 9.5 emu/g, remanence magnetization value is 0.2 emu/g, coercive force is 8. 
Discussion
When analyzing the experimental results, attention is primarily drawn to the fact that the obtained saturation magnetization value of 9.5 emu/g is several times smaller than the value characteristic for Fe 3 O 4 nanoparticles. Apparently, this value can be explained by the fact that the microtubule wall contains both water-solvent molecules, that did not completely evaporate upon room temperature air-drying, as well as amorphous Fe(OH) 3 hydroxide, which could form at the interface between the solution of FeCl 2 -FeCl 3 salts mixture and gaseous ammonia at the first moment of treatment. Objectively, as it follows from the dependences of solubility logarithms of Fe(II) and Fe(III) hydroxides from the solution pH, calculated by Hydra-Medusa program [25] , when the pH is increased in such a solution, precipitation of Fe(OH) 3 is observed on the first stage and then, precipitate of Fe(OH) 2 is formed at a pH of 7.5-12 (Fig. 4) . According to the results of [26] , the formation of Fe 3 O 4 nanoparticles in the process of precipitation of FeCl 2 -FeCl 3 salts mixture is observed in the pH range of about 11-12. Consequently, one can assume that during synthesis, under gaseous ammonia treatment, Fe(OH) 3 nanoparticles are formed on the solution surface and only after that Fe 3 O 4 nanoparticles emerge. In our view, this effect provides composition anisotropy along the thickness of the growing film, which ultimately leads to the appearance of a density gradient and mechanical forces distorting the flat geometry of the thin film as result of drying. It is known that effect of the film composition on geometrical parameters of tubular structures was found for nanoscrolls, obtained using hydrothermal synthesis conditions [27, 28] . 
Conclusion
For the first time ever, a facile interface-mediated synthesis method for the fabrication of microtubes, containing Fe 3 O 4 nanoparticles, in the absence of catalysts or templates under soft chemistry conditions has been developed. As a result of the interaction between the mixed aqueous solution of Fe(II) and Fe(III) salts with gaseous phase ammonia a solid film is formed on the surface of the solution. During air-drying at room temperature the thin film was transformed into microtubes with diameters approximately 5-10 µm and up to 120 µm long with walls 0.6 µm thick. SEM, EPMA and XRD analyzes established that the microtubes contain Fe 3 O 4 nanoparticles. The low coercive force and remanence magnetization, approaching of M r /M s to zero and the reversible hysteresis behavior confirm the superparamagnetic nature of the microtubes. The effect of film "rolling up" occurs due to the film composition gradient along its thickness, which when the film is dried, leads to the appearance of forces that distort its planar geometry and results in the formation of a more stable microtubular structure.
